An in-house grazing incidence x-ray scattering (GIXS) apparatus has been newly developed for characterizing the surface structure at a microscopic level. Using this apparatus, surface diffraction profiles from the oxidized SUS304 stainless steel were measured in the vicinity of the critical angle with the GIXS geometry. The depth profile was discussed from the integrated intensities of both oxidized phase and stainless steel bulk.
INTRODUCTION
The knowledge of the structural properties of surfaces and interfaces is prerequisite to countless applications originating from physics, chemistry and engineering. This demand has been satisfied by the availability of a large variety of surface specific experimental techniques. Electron diffraction techniques such as LEED and RHEED are often used for the surface analysis because of their inherent surface sensitivity due to the strong interaction between electrons and atoms. Although the electron diffraction is undoubtedly powerful technique and works well, its quantitative analysis is known to be a complicated task due to difficulties arising from the dynamical theory of diffraction in the data processing. Other limitation of this technique is that some tedious experimental conditions such as ultra-high vacuum and elaborate sample preparations are required.
On the other hand, the use of x-ray scattering under the condition of grazing incidence has experienced a massive upsurge which has been made possible by developing a powerful x-ray source of the synchrotron radiation. Under these conditions x-rays provide a nondestructive probe for analyzing the surface structure in a range from a few nm to a hundred run with a depth controlled sensitively. Another merit of this technique is that the weak interaction of x-rays with condensed matter allows us to interpret the experimental data easily within the framework of the kinematic theory of diffraction. Marra et al. Ill utilized the features of the x-ray total external-reflection phenomena and
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developed a new technique for surface structural studies by x-rays. This method is often called grazing incidence x-ray scattering (hereafter referred to as GIXS) 111 since x-rays are incident on a surface at a very small incident angle usually less than one degree in this geometry.
With the GIXS method, some interesting surface atomic structures have been explored, such as the surface reconstruction on Ge /3/ or InSb /4/, the solid-liquid phase transition of Pb monolayers on a Cu (100) surface during melting 151. In combination of parallel beams with several fixed incident angles α in the vicinity of the critical angle and 20-scan (which is the so-called Seemann-Bohlin geometry), Lim et cd. 16/ measured the scattering intensity from an iron oxide film and found that the oxidation state of iron differs at very surface from that in the bulk. Toney et al. Ill observed the Bragg peak intensity of iron oxides as a function of α in the GEXS geometry and estimated a depth profile of a-Fe20 3 on the surface of a y-Fe2C>3 film The advantage of the GIXS method to the surface structural study has now been well-recognized. Then, an increasing need for the surface structural studies by the GIXS method and a limitation of beam time in a synchrotron facility strongly require for developing an in-house apparatus for the GIXS measurements. With these facts in mind, a successful attempt has been made to build in-house GIXS apparatuses for obtaining quantitative atomic scale structural data of surface and interface in both solid and liquid materials /8,9/. Furthermore, surface analytical techniques such as GIXS method often require with the highest priority the determination of the atomic number density of a near-surface component in unknown materials, in order to prepare an essential condition as inputs for structural characterization. Then, we also proposed a new method for determining the atomic number density of a near-surface element in materials of interest using grazing x-ray reflection and anomalous dispersion effect (hereafter referred to as AGXR) /10/.
The main purpose of this paper is to present an extended introductory treatise on the novel application of x-ray scattering and reflection under the condition of grazing incidence to the characterization of surface and interfacial structure of materials with some selected examples..
FUNDAMENTALS OF THE GIXS METHOD
It is well known that the refractive index for x-rays of energy Ε is given by the following equation /11/,
in which
where λ is the x-ray wavelength, r, the classical electron radius, v 0 the volume of unit cell, Zy is the atomic number, f/E) and f'/E) are the real and imaginary parts of the anomalous dispersion term and p, is the atomic number density of y'-th element. In all cases, δ(Ε) is positive, so that n(E) is less than unity. Then, the total external reflection occurs for angles of incidence lower than the critical angle a c (E).
When the absorption for x-rays is quite small, the critical angle is simply given by <x c (£) = λ/25 =λ^Σ( Ζ / +/;<£))
Since {Z J +f' J {E)}IM j (where Mj is an atomic weight of y'-th atom) is approximately equal to 1/2, the critical angle is directly related with the density ρ by the following equation, α (5) where N A is Avogadro's number. Incident x-rays are known to be evanescent within the substance and penetrate only a few ran below the critical angle a c . 
The x-ray penetration depth changes from a few nm to several hundred nm by varying the incident angle from below to above the critical angle, which enables us to obtain the depth profile of a surface structure. As an example, penetration depth D(a) of austenite stainless steel for Mo Κα radiation is shown in Fig. 1 . It is found that the penetration depth drastically changes across the critical angle 0^=0.18°.
a / degree 
DESCRIPTION OF GEXS APPARATUS AND SELECTED EXAMPLES BY GEXS METHOD
3-1. In-house GIXS apparatus Figure 2 shows a schematic diagram of all angular motions of a sample and detectors in the GIXS diffractometer newly set up at the Institute for Advanced Materials Processing, Tohoku University. Basically this diffractometer consists of two double-axis diffractometers. One double-axis diffractometer labeled A in Fig.2 is horizontally placed and has two rotation axes of a and 2Θ. Another diffractometer labeled Β with two rotation axes of ω and φ is vertically placed on the a rotation axis of the diffractometer A. The position of the diffractometer is precisely set by adjusting tools of XY-translations under the diffractometer and a height control table. In this way, the incident beam passes through the intersection of the a and ω rotation axes. A sample plate is mounted on a sample holder which is attached on the diffractometer Β and equipped with a crossed tilting stage {δ 1 and δ") and a vertical translation, so that the surface normal of the sample is aligned with the ß>-axis and the sample surface is adjusted to coincide with a plane including the incident beam and the α-axis. An incident angle a can be determined by the a rotation of the diffractometer A.
Surface diffraction experiments in two typical diffraction geometries schematically shown in Fig. 3 can be made by this GEXS apparatus. The one geometry in Fig. 3 (a) is the Seemann-Bohlin (hereafter referred to as S-B) geometry widely used for structural analyses of thin films grown on a substrate. In combination with the total external reflection, the information on a depth profile of a surface structure is obtained by making effective use of a drastic change of a penetration depth across the critical angle 161. This measurement is carried out using a fixed incident angle a set by rotation around the a axis and a scan of the counter A around the 20-axis in Fig.2 (a). The other geometry drawn in Fig.3 (b) is the so-called GIXS geometry III, where an incident angle a is similarly selected by the a rotation and the counter Β is scanned around the φ axis with a proper glancing angle a'.
An 18kW rotating anode x-ray generator (Rigaku Rotaflex RU-300) is used as an x-ray source and a copper or molybdenum target was used depending on the measurements. Monochromatic x-ray beams were obtained by a flat or channel-cut Ge (111) single crystal monochromator. The flat crystal was selected in the A disc sample of a few mm thick for measurements using the in-house GIXS apparatus was prepared from a rod of SUS304 stainless steel of 25 mm in diameter. Its surface was mechanically polished as smooth as a mirror and annealed for 240 s at 1073K in air so that its surface is slightly oxidized without losing a metallic luster. X-ray scattering intensities from the oxidized stainless steel were measured at various incident angles in the vicinity of the critical angle with the GIXS geometry. points. This suggests the formation of a film with a lower density on the surface. Figure The calculated penetration depth for FeCr 2 0 4 is found to be 7.1 nm at the incident angle of 0.14°. This implies that the FeCr 2 0 4 oxide layer formed on the surface of stainless steel is thicker than 7.1 nm. In order to estimate its thickness, integrated intensities of the 311 reflection of FeCr 2 0 4 and 111 reflection of SUS304 were calculated in the following procedure with a model. The angular dependence of the peak intensities from a phase which has a concentration profile c(z) along the depth ζ may be given as follows /7/:
where 
The value of E 0 is the electric field at the surface and G(a) the geometrical factor. In the present case, a crude but useful simple model was assumed, namely, the value of c(z) is equal to 1 for 0 <z<t and to 0 for z>t for simplification, as exemplified in an inset of Fig.6 . Then, the value of t could be determined using the nonlinear least-squares variational method by eqs. (8) to (10) . The thickness of the oxide layer is estimated to be 9.8 nm from this simulation. It is worth mentioning from this measurement that the depth profile of a surface structure can be determined nondestructively by the measurements using an in-house GIXS apparatus.
3-3. Surface structure of oxide film on Fe-Cr alloys
Addition of chromium to iron or steels is known very effective in improving heat-resistance and corrosion-resistance, and therefore oxidation of ironchromium alloys has been widely investigated by surface analytical method such as Auger electron spectroscopy, x-ray photoelectron spectroscopy and secondary ion mass spectroscopy. Nevertheless, information on the ciystallographic structure of oxide films for Fe-Cr alloys is still far from complete. This prompts us to carry out systematic studies on the Figure 7 shows the diffracted intensity profiles of five Fe-Cr alloys heated at 873 Κ for 3000s measured by GIXS geometry with the incident angle 0.16° of Mo Κα radiation The peaks observed in the results of Fig. 7 identify the oxide films with corundum type (Fe 2 0 3 or Cr 2 0 3 ) structure as well as the confirmation of a ferritic phase of Fe-Cr matrix. As seen in Fig. 7 , five or more peaks are detected in the diffracted intensity pattern of the oxide film formed on the alloy surface by heating at 873 Κ for 3000 s. As the chromium concentration increases, the number of peaks decreases and only a few peaks are detected in alloys with chromium more than 50 mass%. Such a variation can be interpreted by considering that crystalline oxide film formed on alloys with chromium more than 50 mass% includes, more or less, the preferential ciystallographic orientation. With respect to the preferential crystallographic orientation of the oxide film, the intensity pattern of the oxide film formed on the Fe-70%Cr alloy surface heated at 873 Κ for 3000 s was measured by the S-B geometry at the same incident angle of 0.16°. The results are shown in Fig.8 , together with that of the GIXS geometry. The following points may be summarized. In the GIXS geometry, the 104 peak is not detected but the 110 peak is clearly observed. The opposite variation is found in the S-B geometry. The structural information of the three dimensional crystal lattice inclined against the sample surface can be detected by the S-B geometry, so that the 110 peak is expected to be observed when the oxide film is grown without the crystallographic orientation. On the other hand, in GIXS geometry as shown in Figs. 7 and 8 can find only the reflections of the 110 and 300 plane, which are perpendicular to the sample surface. Consequently, these results imply that the crystalline oxide film formed on the Fe-Cr alloy surface is described by the preferential orientation of [001] (bottom of Fig.8 ). These results suggested that the growth direction of the oxide film is not dominated by the epitaxy between the oxide film and the matrix, but is rather coincident with the oxidation direction.
ANOMALOUS GRAZING X-RAY REFLECTOMETRY FOR DETERMINING THE ATOMIC NUMBER DENSITY OF A NEAR-SURFACE ELEMENT

4-1. Fundamentals of Number Density Determination by the AGXR Method
The AGXR method is based on an idea of measuring the deviation in the refractive index of a substance of interest through the anomalous dispersion phenomena. In order to facilitate the understanding of this new method, the schematic diagram for the experimental mode is provided in Fig.9 . When the summation over all atoms in the unit cell in eq. (4) is converted to the sum over all elements, the critical angle can be rewritten and related to the anomalous dispersion term in the following form:
Fe-70%Cr alloy heated at 873K for 3000sec 15 16 φ / degree The real part of/(£) indicates a sharp negative peak at an absorption edge. As the energy of the incident x-ray approaches an absorption edge, the critical angle should be shifted to a lower angle because the effective number of electrons closely connected to the scattering of x-rays is significantly reduced due to the anomalous dispersion effect. Then, a magnitude of its angular deviation heavily depends upon the number of resonating atoms in a substance. Let us consider the measurements of critical angles at two different energies E\ and E 2 close to the absorption edge E^ of one of the constituents, for example the element A. Since the energy dependence
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advantage that it is not necessary to pay full attention to determining the absolute angles; because the experimental uncertainty in angle is canceled out through the process for calculating the value of A(a c (E)/Ä) 2 .
4-2. Selected examples with AGXR method (a) Zr and Y atoms in ZrO^Y^ crystal
A sintered Zr0 2 -3 mol%Y 2 03 plate, of single tetragonal phase with a=0.5095nm and c=0.5177nm, was prepared commercially by TEP Co., Ltd. The surface of this sample was mechanically polished with a diamond paste until it showed plainly total external reflection of x-rays. The reflection measurements using the experimental setup described in the previous section were carried out with synchrotron radiation at a beam line (6B station) in the Photon Factory of High Energy Accelerator Research Organization, Tsukuba, Japan. The AGXR method has also been applied to the gold-colored stainless steel named as "Lumina Color" by Kawasaki Steel Corp. /16/. It is colored by forming a passive film of chromium-iron oxide on the surface of a stainless steel by alternating current electrolyzing method. The thickness of the oxide layer is 189nm /8/. This thin oxide layer is considered to be a non-crystalline state by obtaining no sharp Bragg using the GIXS method. The reflection curves of the gold-colored stainless steel measured at the lower energy side of Cr Κ and Fe Κ (7.113keV) absorption edges are given in Figs. 12(a) and (b) , respectively. Each reflection curve gives an oscillating structure which is the result of interference between x-rays Vol. 17, Nos. 1-2, 1998 of pa and pf t in the oxide film formed on the gold-colored stainless steel; /**=11.8±0.4 and p? t -7.4±0.3 atoms/nm 3 , respectively. Then, the concentration ratio of Cr/Fe in the gold-colored stainless steel sample is found to be 1.59. Sone et al. reported that the film on the gold-colored stainless steel surface consists of a uniform Cr dispersion and the concentration ratio of Cr/Fe is 1.5 using the micro Auger electron spectroscopy /16/. This value is consistent with the result obtained by the AGXR method. Thus, the present authors maintain the view that the AGXR method works reasonably well.
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THE GXR APPARATUS FOR LIQUID SURFACE AND LIQUID/LIQUID INTERFACE
The structure of the electrode/solution interface has long been studied and some models for the interface were proposed /19/. Recently, observation of the electrode-solution interface by the atomic force microscopy (AFM) has also been made and some valuable information is available HOL However, our understanding of this interface is still far from complete. These facts encouraged us to build an in-house grazing X-ray reflectometry (hereafter, referred to as GXR)
High Temperature Materials and Processes
apparatus for structural studies of the surface of the electrode and the electrode-solution interface by coupling the conventional rotating-anode X-ray generator. For this reason, we will describe in this section the GXR apparatus designed for liquid surface and liquid/liquid interface and show its usefulness by measuring the reflectivity profiles of free surface of mercury and the water/mercury interface.
A particular feature in the difficulty of designing the GXR apparatus for liquids is that a whole diffraction geometry has to be arranged in the horizontal plane since the liquid surface or liquid/liquid interface is strictly horizontal. The newly developed system is explained in the schematic drawing of It has been emphasized that the water/mercury interface shows many unique advantages in the matter of understanding the electrified interface. Interface tension of the mercury electrode was measured as a function of the potential difference across the interface by many workers /19/. Thus, our primary motivation for this work is how the atomic structure of liquid mercury surface changes under contact with solution. We believe that this kind of information can provide us with an approach to understanding the solution/electrode interface. At first, the reflectivity of liquid mercury itself was measured. Figure 15 gives the reflectivity of a free mercury surface is shown, where in two cases; one is Mo Κα (0.071 nm) diffracted by Ge (440) plane and the other is the two times larger wavelength of 0.142 nm diffracted by Ge (220). The critical angle is 0.212° for Mo Κα, from which the surface density of mercury is calculated to be 13.4 Mg/m 3 . It is rather stressed that this value is very close to that of pure mercury, 13.5 Mg/m 3 . Furthermore, the observed critical angle of mercury for the wavelength of 0.142 nm is twice as large as that for Mo Κα, which satisfies the proportional relationship between the critical angle and wavelength. Further, the experimental reflectivity profiles quite well coincide with those theoretically evaluated by the method proposed by Parratt 121/. These observations also confirm the reliability of the angular setting for glancing angles in the present system. Since the incident and reflected x-ray beams with a small glancing angle are heavily absorbed by water, the reflectivity for the water/mercury interface is extremely reduced. This is one of the serious problems for the measurement of liquid/liquid interface using x-ray scattering. To reduce such difficulty, we adopted the energy dispersive GXR (EDGXR) method instead of the conventional angle dispersive GXR (ADGXR) method. In this EDGXR method, a white x-ray source is used for 
Such a study is in progress.
Energy / keV 
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CONCLUDING REMARKS
The usefulness of the GIXS and GXR methods for studying the surface and interfacial structure of materials has long been recognized, although the available information obtained by these methods is still limited to only some particular examples using a synchrotron radiation source. Recently the synchrotron radiation source has become very popular for studying various materials, but the scarcity of beam time still prevents us from the extensive use of the GIXS and GXR methods.
For this reason, we believe the development of in-house apparatuses of GIXS and GXR provides us with more opportunities for quantitative studies of surface and interfacial structures of materials in both solid and liquid states. The apparatuses described in this paper are rather surprisingly effective, although there are some inconvenient features of the intensity and the spatial resolution in comparison to the cases with a synchrotron radiation source.
We have also tested the variation of the critical angles of total external reflection through the anomalous dispersion effect in the grazing x-ray reflectometry for developing a new AGXR method in order to obtain the atomic number density values of near-surface components for materials of interest. The fundamentals and usefulness of the AGXR method have been well-confirmed with some selected samples. The potential capability of this AGXR method may not be overemphasized, it is rather effective for obtaining the atomic number densities near surface components in thin films. This is because the deviations of critical angle can be precisely determined from the oscillating structures in the reflection profiles without any significant difficulties. Thus, it would be very promising to extend the x-ray scattering and reflection under the condition of grazing incidence to the characterization of surface and interfacial structures of variety of materials including both crystalline and non-crystalline cases.
